The cyclin kinase inhibitor p21 WAF1/Cip1 is upregulated by the tumor suppressor p53. While p21 is central for the G-1 arrest mediated by p53, it is still unclear if p21 also functions as a downstream eector of p53 dependent apoptosis. Apoptosis induced by DNA damage but not dexamethasone is p53 dependent in thymocytes. To investigate the physiological role of p21 in apoptosis, we have generated transgenic mice in which the p21 transgene is targeted for restricted expression in the T cell lineage. Thymocytes from p21 transgenic mice were hypersensitive to cell death induced by DNA damaging agents such as ionizing radiation and UV, but not be dexamethasone. Irradiated p21 transgenic thymocytes had approximately twofold more apoptotic cells as compared to irradiated age matched littermate control mice. Radiation induced death is comparable in thymocytes from p21+Bcl2+double transgenic mice and age matched littermate controls, indicating that the Bcl2 transgene rescues the radiation hypersensitivity imposed by p21. However, thymocytes from p537/7 mice even when they expressed the p21 transgene, were resistant to death induced by radiation. Together these results show that thymocytes from p21 transgenic mice are hypersensitive to radiation induced programmed cell death and suggest that the radiation hypersensitivity of p21 transgenic thymocytes involves p53 dependent pathway and signals in addition to p21.
The cyclin kinase inhibitor p21 WAF1/Cip1 is upregulated by the tumor suppressor p53. While p21 is central for the G-1 arrest mediated by p53, it is still unclear if p21 also functions as a downstream eector of p53 dependent apoptosis. Apoptosis induced by DNA damage but not dexamethasone is p53 dependent in thymocytes. To investigate the physiological role of p21 in apoptosis, we have generated transgenic mice in which the p21 transgene is targeted for restricted expression in the T cell lineage. Thymocytes from p21 transgenic mice were hypersensitive to cell death induced by DNA damaging agents such as ionizing radiation and UV, but not be dexamethasone. Irradiated p21 transgenic thymocytes had approximately twofold more apoptotic cells as compared to irradiated age matched littermate control mice. Radiation induced death is comparable in thymocytes from p21+Bcl2+double transgenic mice and age matched littermate controls, indicating that the Bcl2 transgene rescues the radiation hypersensitivity imposed by p21. However, thymocytes from p537/7 mice even when they expressed the p21 transgene, were resistant to death induced by radiation. Together these results show that thymocytes from p21 transgenic mice are hypersensitive to radiation induced programmed cell death and suggest that the radiation hypersensitivity of p21 transgenic thymocytes involves p53 dependent pathway and signals in addition to p21. Keywords: p21 waf1 ; transgenic mice; radiation; apoptosis; p53
In mammalian cells, progression through the cell cycle is regulated by the cyclin dependent kinase (CDK) family of protein kinases. CDK-cyclin kinase activity during the cell cycle is regulated by phosphorylation/ de-phosphorylation of the CDK subunit, regulated destruction of the cyclin subunit, and by proteins which bind and inhibit CDK-cyclin kinases. In mammalian cells two distinct families of cyclin-CDK kinase inhibitors, p21 and p16, have been described. The p21 family includes the structurally related proteins, p21
WAF-1/Cip1 (el-Deiry et al., 1993; Harper et al., 1993; Xiong et al., 1993), p27 Kip1 (Polyak et al., 1994; Toyoshima and Hunter, 1994) , and p57
Kip2 (Lee et al., 1995; Matsuoka et al., 1995) all of which inhibit a variety of CDK-cyclin kinases by binding to both cyclin and CDK subunits of the activated cyclin-CDK complex (Fotedar et al., 1996) . Members of the p16 family, which includes p16 p14/p15, p18 and p19 preferentially inhibit CDK4-cyclin D and CDK6-cyclin D kinases (reviewed in Sherr and Roberts, 1995) . The N-terminal residues of p21, p27 and p57 share signi®cant homology (Lee et al., 1995; Matsuoka et al., 1995) , however, they dier substantially in their C terminal regions. The Cterminal region of p21 inhibits DNA elongation in vitro by binding PCNA (Chen et al., 1996; Luo et al., 1995) . p21 expression is implicated in cell cycle arrest (Brugarolas et al., 1995; Deng et al., 1995) , in withdrawal of cells from the cell cycle during dierentiation (Halevy et al., 1995) and in cell senescence (Brown et al., 1997) . Targeted expression of p21 in hepatocytes inhibits cell proliferation, interferes with postnatal liver development and prevents liver regeneration . Cells with a null mutation in the p21 gene have provided direct evidence of a role for p21 in cell cycle arrest following DNA damage. Fibroblasts from p21 null mice are partially de®cient in DNA damage induced cell cycle arrest (Brugarolas et al., 1995; Deng et al., 1995) and the lack of both p21 alleles in a cancer cell line completely overcomes the G-1 arrest . p21 expression is upregulated by the p53 tumor suppressor protein. Transcriptional activation of speci®c target genes is an important part of p53 function. Of the known transcriptional targets of p53, p21 which is induced upon DNA damage in a p53 dependent manner (Dulic et al., 1994) , is most likely to control cell cycle arrest (Brugarolas et al., 1995; Deng et al., 1995) . In addition, p53 is essential for apoptosis triggered by agents which induce DNA damage in thymocytes (Clarke et al., 1993; Lowe et al., 1993) . In contrast to the requirement of p53 for radiation induced apoptosis, lack of p21 has been reported to have no eect on p53 dependent apoptosis of thymocytes in p21 null mice (Brugarolas et al., 1995; Deng et al., 1995) .
In order to determine the role of p21 in apoptosis of thymocytes, we generated transgenic vectors which express p21 in a tissue restricted manner in the T cell lineage. The human p21 cDNA (Fotedar et al., 1996) was cloned into the p1017 vector (Garvin et al., 1990) where the expression of the p21 transgene is under the control of the proximal Lck promoter (Figure 1a) . The proximal Lck promoter has previously been used to drive expression of a number of transgenes in the thymus (Abraham et al., 1991; Garvin et al., 1990) . The linearized plasmid was used to generate transgenic mice by microinjection. Out of 163 pups screened we identi®ed 28 independent founders by Southern blot analysis which arose at a frequency of 17%. For simplicity of presentation we have restricted our subsequent analysis to three independent founders (#7, #5 and #63). A Southern blot of this subset of the positive founders is shown in Figure 1b . The expression of the p21 transgene did not interfere with normal T cell development, as determined by identical CD4/CD8 subpopulations in p21 transgenic mice and littermate control mice (R Fotedar, H Brickner and A Fotedar unpublished observations). In contrast the cellularity of p21 transgenic thymocytes is *50% as compared to age matched littermate control mice (R Fotedar, H Brickner and A Fotedar unpublished observations).
The expression of the p21 transgene was determined by immunoblot analysis using an antibody which recognizes both mouse and human p21. The transgenic p21 protein is expressed in the thymus of transgenic mice ( Figure 1c) . As a control, the antip21 antibody pre-absorbed with puri®ed p21 protein shows no reactivity with the p21 transgenic protein from thymocyte extracts (Figure 1c ). The endogenous levels of p21 protein are low in normal dierentiated adult tissues (Figure 1c ), consistent with previous reports (Macleod et al., 1995; Wu et al., 1996) . Flow cytometry analysis (Figure 1d ), shows that the majority of transgenic thymocytes express more p21 protein/cell as compared to littermate controls. The level of p21 transgene expression in thymocytes of p21 transgenic mice is similar to that seen in irradiated murine thymocytes as detectable in Northern analysis of thymocyte RNA (Figure 1g ). The tissue distribution of the p21 transgene was characteristic of the Lck promoter (Garvin et al., 1990) . The transgenic p21 protein was expressed both in the thymus and spleen, (Figure 1e ), thus suggesting that both mature (spleen) and immature (thymus) T cells express the p21 transgene. The transgenic p21 protein was not expressed in kidney or liver ( Figure 1e ). The data shown are for founder line #7. An identical pattern of transgenic protein expression was displayed in all three founders tested (data not shown). T and B cells were puri®ed from transgenic spleens to verify that T cells but not B cells express the p21 transgenic protein. The purity of the preparations was determined by B220 and CD3 double immuno¯uorescence analysis. As anticipated, transgenic p21 protein is detectable in splenic T cells but not in B cells (Figure 1f ).
DNA damaging agents induce cell death in thymocytes in a p53 dependent manner (Clarke et al., 1993; Lowe et al., 1993) . Since the expression of p21 is under the control of the p53 tumor suppressor protein, we determined the eect of the p21 transgene on thymocyte death induced by DNA damaging agents. Single cell suspensions of thymocytes from p21 transgenic mice and age matched littermate controls were treated with agents which induce DNA damage, and the percent of apoptotic cells was determined after treatment. As shown in Figure 2a , thymocytes from p21 transgenic mice show a substantial increase in cell death after g-irradiation, as compared to thymocytes from age matched littermate controls. The presence of the p21 transgene also sensitizes thymocytes to death induced by UV irradition (Figure 2b ). In contrast, the p21 transgene has no eect on thymocyte death induced by dexamethasone with three dierent doses of dexamethasone at various times after treatment ( Figure  2c ). Apoptosis induced in thymocytes by agents which damage DNA is strictly p53 dependent (Clarke et al., 1993; Lowe et al., 1993) whereas dexamethasone induced death is not (Clarke et al., 1993) . Consistent with a p53-dependent mechanism, we ®nd that thymocytes from p21 transgenic mice are hypersensitive to UV and g-radiation induced apoptosis, but not to dexamethasone induced apoptosis.
The induction of DNA strand breaks is a hallmark of programmed cell death. DNA strand breaks in thymocytes from p21 transgenic mice were compared to similarly treated control thymocytes following dierent doses of g-irradiation. We consistently observed an increased induction of DNA strand breaks in thymocytes from p21 transgenic mice as compared to thymocytes from age matched littermate controls at three dierent doses of ionizing radiation (Figure 2d ). An increased induction of DNA strand breaks in p21 transgenic thymocytes was detectable after 24 h at doses as low as 25 rads of g-irradiation.
We therefore conclude that thymocytes from p21 transgenic mice are hypersensitive to radiation induced cell death. Radiation induced G1 arrest is operative in both p21 transgenic mice and control thymocytes and thus does not explain the hypersensitivity of p21 transgenic thymocytes to radiation (V Barbier, H Brickner, R Fotedar and A Fotedar unpublished observations).
We ®nd that DNA damage induced death of thymocytes was dependent on transcription. Actinomycin D, an inhibitor of transcription, prevented thymocyte death induced by 500 rads of ionizing radiation and by UV (40 mJ/m 2 ) (data not shown). In the absence of Actinomycin D a similar dose of ionizing radiation induces cell death.
The hypersensitivity of p21 transgenic thymocytes that we observed and the strict p53 dependence of radiation induced thymocyte death (Clarke et al., 1993; Lowe et al., 1993; Strasser et al., 1994) suggests that the observed pro-apoptotic eects of the p21 transgene may be coupled to the p53 pathway. If this were the case then radiation induced hypersensitivity of p21 transgenic thymocytes should meet the following criteria. First, p21 dependent death should be inhibited by Bcl2. Second, p21 transgene associated hypersensitivity to DNA damaging agents should be p53 dependent. It has been shown previously that Bcl2 inhibits apoptosis induced by various apoptotic signals including p53 dependent radiation induced thymocyte apoptosis (Sentman et al., 1991; Strasser et al., 1994) . To determine the eect of Bcl2 on radiation induced thymocyte death in p21 transgenic mice, we bred p21 transgenic mice with Bcl2 transgenic mice to generate p21+Bcl2+ double transgenic mice. The Bcl2 transgene is expressed under the control of the Immunoglobulin promoter and the Bcl2 transgenic protein is expressed in both T cells (including thymus) and B cells (Katsumata et al., 1992) . Genotyping of the four Figure 3a . The hypersensitivity of p21 transgenic thymocytes to ionizing radiation was inhibited by Bcl2 co-expression (Figure 3b) .
The previous demonstration that thymocytes from p53 null mice are insensitive to death induced by ionizing radiation, suggests that ionizing radiation induced thymocyte cell death is p53 dependent (Clarke et al., 1993; Lowe et al., 1993; Strasser et al., 1994) . We therefore determined if the hypersensitivity of thymocytes from p21 transgenic mice to ionizing radiation was also p53 dependent. To perform this test we mated p21 transgenic with p537/7 mice to generate p537/7 mice which express the p21 transgene. Genotyping of the mice is shown in Figure  4a . Thymocytes from both p537/7 mice and from p537/7 mice which express the p21 transgene, were both resistant to death induced by 500 rads of ionizing radiation (Figure 4b ). We used a high dose of irradiation for this experiment to ensure that p537/ 7 mice were indeed resistant to apoptosis. These results suggest that the hypersensitivity conferred by the p21 transgene to thymocyte cell death induced by DNA damaging agents is p53 dependent.
We have thus delineated a role for p21 in p53 dependent radiation induced thymocyte apoptosis by analysing the transgenic mice in which expression of the p21 transgene is directed to the T cell lineage. This is the ®rst demonstration of an in vivo role for p21 in enhancing p53 dependent radiation induced apoptosis. Our observations suggest a model of p53 dependent death of thymocytes in which DNA damaging agents upregulate p53 activity (Macleod et al., 1995) which then acts via p21 as well as unknown eector(s) to induce apoptosis. The unknown eector(s) may be other transcriptional targets of p53. Our experiments do not address the role of non-transcriptional p53 dependent mechanisms in the apoptotic pathway. It is p21 transgenic mice R Fotedar et al relevant to point out that mice expressing the Bax transgene in the thymus have a phenotype of radiation induced thymocyte apoptosis (Brady et al., 1996) similar to what we observe with p21 transgenic mice. Thymocytes from Bax transgenic mice are hypersensitive to death induced by ionizing radiation (Brady et al., 1996) . Similar to our results with p21 transgenic mice, the hypersensitivity conferred on thymocytes by the Bax transgene is strictly p53 dependent. Bax, a proapoptotic member of the Bcl2 family (Oltvai et al., 1993) , is a transcriptional target of p53 and has been proposed to mediate p53 apoptotic activity of (Miyashita and Reed, 1995) . It remains to be explored if p21 and Bax cooperate in p53 dependent death. p21 has been reported to both protect from apoptosis (Gorospe et al., 1997; McDonald et al., 1996; Sheikh et al., 1997; Waldman et al., 1996) and to induce apoptosis (Duttaroy et al., 1997; Kondo et al., 1997; Sekiguchi and Hunter, 1998) . It therefore remains to be resolved why p21 displays such diverse eects in dierent systems. The outcome may be dependent on extracellular survival signals (such as growth factors and adhesion molecules), cell type, proliferative capacity and other as yet unde®ned parameters. For example, the disruption of p21 gene in a tumor cell line has been shown to enhance radiation induced apoptosis . It is possible that death of cells is a re¯ection of the loss of radiation induced checkpoint control in p21 null cells.
Our result that p21 expression leads to hypersensitivity to radiation induced death is in contrast to previous work showing that radiation induced p53 dependent apoptosis is unaected in p21 null mice (Brugarolas et al., 1995; Deng et al., 1995) . The basis of this disparity remains unexplained at present and can only be addressed by further future studies. It is however of interest to note that radiation induced p53 shown. The right panel shows an immunoblot in which an extract from p21 transgenic thymus is probed with an anti-p21 antibody which has been pre-adsorbed with recombinant GST-p21 bound to glutathione agarose beads. Thymus extracts were prepared in RIPA buer (300 mM NaCl, 50 mM Tris pH 7.2, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 1 mM DTT, with protease inhibitors) and p21 was detected by immunoblotting with p21 speci®c antibody (C19, Santa Cruz Biotechnology) as described (Brenot-Bosc et al., 1995) . The C19 antibody is raised against a peptide corresponding to amino acids 146 ± 164 of p21 and recognizes both murine and human p21. (d) Flow cytometry analysis of transgenic p21 protein expression in thymocytes. Thymocytes from two p21 transgenic founder lines (#7 left) and (#5 right) and from age matched litter mate controls were analysed for expression of p21 by¯ow cytometry. Control staining in the absence of the primary antibody is also shown (dotted lines). The p21 antibody recognizes both endogenous and transgenic p21. Thymocytes were ®xed with 2% paraformaldehyde followed by a 70% ethanol treatment. Anti-p21 speci®c antibodies were used at 1 : 500 and the Goat anti-rabbit IgG-FITC at a 1 : 200 dilution. Samples were analysed for¯ow cytometry as described earlier using CELLQuest software on a Becton Dickinson FACSCalibur¯ow cytometer. (e) Transgenic p21 protein is expressed in a lineage restricted manner in T cells. Extracts from spleen, liver and kidney were analysed. Immunoblot analysis using a p21 antibody was undertaken with p21 transgenic mice (founder #7) and age matched littermates. (f) The p21 transgenic protein is expressed in splenic T cells but not B cells. T cells and B cells were puri®ed on nylon wool columns and B cells by complement dependent lysis of CD4 and CD8 positive cells respectively (Linton et al., 1996) . The purity of the splenic T and B cells was veri®ed after fractionation by double immuno¯uorescence using anti-B220-FITC and anti-Thy1.2-PE antibodies by¯ow cytometry, as shown on the left and middle panels. Extracts from 10 6 splenic B and T cells were analysed by immunoblotting with a p21 speci®c antibody, as shown in the right panel. (g) p21 transcript levels in p21 transgenic mice are similar to that seen in thymocytes after radiation. Total RNA was analysed by Northern blot analysis p21 transgenic mice R Fotedar et al dependent apoptosis is also unaected in Bax null mice (Knudson et al., 1995) although mice expressing the Bax transgene in the thymus have a phenotype of radiation induced thymocyte apoptosis (Brady et al., 1996) similar to our results with p21 transgenic mice. Whereas it is possible that p21 (and Bax) may not be required for p53 dependent thymocyte apoptosis induced by DNA damaging agents, there may be alternative explanations for the data. First, p21 may act primarily to amplify p53 dependent thymocyte death. Second, other p53 targets may be able to compensate for the absence of p21 in radiation induced thymocyte cell death in p21 null mice. Such compensatory mechanisms may also operate in Bax null mice. One possible explanation of the proapoptotic function of p21 in thymocytes may be due to its eect on certain forms of DNA repair.
Although the role of p21 in nucleotide excision repair remains controversial (Li et al., 1994; Pan et al., 1995; Shivji et al., 1994) , p21 inhibits PCNA function in mismatch repair (Umar et al., 1996) and interacts with other proteins that may modulate DNA repair, such as Fen1 (Chen et al., 1996) and Gadd45 (Kearsey et al., 1995) . Future studies will elucidate whether the pro-apoptotic function of p21 is linked to DNA repair.
Recent studies with knockout mice have identi®ed regulators of p53 dependent radiation induced thymocyte apoptosis. The demonstration that radiation induced apoptosis of thymocytes is APAF-1 and Caspase 9 dependent (Kuida et al., 1998; Hakem et al., 1998) suggests the involvement of mitochondria and cytochrome c release in radiation induced thymocyte apoptosis. A challenge Figure 2 p21 transgenic thymocytes are hypersensitive to radiation but not dexamethasone induced cell death. (a) Thymocytes from p21 transgenic mice are hypersensitive to death induced by ionizing radiation. Thymocytes from 8 week old p21 transgenic mice and their age matched littermate controls were exposed either to 125 rads of ionizing radiation, or left untreated. The decrease in viability of thymocytes as determined by trypan blue exclusion (Clarke et al., 1993; Lowe et al., 1993) was followed over a 3 day period. The data are shown as mean+standard deviation of triplicate samples. These results were obtained from founder line #7. Similar results were obtained with three independent founder lines in ten separate experiments. No exogenous growth factors were added to thymocytes in any experiment. (b) The presence of the p21 transgene sensitizes thymocytes to UV induced cell death. Thymocytes from p21 transgenic mice and age matched littermate controls were treated with 40 mJ/m 2 of UV. The data is shown as mean+standard deviation of triplicate samples analysed. These results were obtained from founder line #7. Similar results were obtained with three independent founders in ®ve separate experiments. (c) Thymocytes from p21 transgenic mice are not sensitive to death induced by dexamethasone. Thymocytes from p21 transgenic mice (founder line #7) and age matched littermate controls were treated with the indicated concentrations of dexamethasone (0.2 nM, 1 nM and 2 nM). The decrease in viability of thymocytes was assessed at indicated times after treatment. The data are shown as mean+standard deviation of triplicate samples. Similar results were obtained with two other founders. (d) Thymocytes from p21 transgenic mice are hypersensitive to induction of DNA strand breaks by ionizing radiation. Thymocytes from p21 transgenic mice (founder #7) and age matched littermate control mice received either no treatment or were exposed to 25 rads, 50 rads and 100 rads of g-radiation. The induction of DNA strand breaks was determined by terminal transferase assay 24 h after irradiation and the samples analysed by¯ow cytometry . The data are shown as mean+standard deviation of triplicate samples. Similar results were obtained in three separate experiments with two independent founder lines p21 transgenic mice R Fotedar et al for future studies will be to clarify how p53 and its transcriptional targets are coupled to APAF-1, and the cytochrome c dependent activation of caspases. Figure 4 The ability of the p21 transgene to confer hypersensitivity to irradiation induced thymocyte cell death is p53 dependent. (a) p21 transgenic mice were bred with p537/7 null mice to generate p537/7 null mice which express the p21 transgene. The genotypes of the mouse strains used are shown. p53 null mice were genotyped in a 3-primer PCR assay , using primers TATACTCAGAGCCGGCCT, ACAGCGTGGTGGTACCTTAT and TCCTCGTGCTTT ACGGTATC. The wild type p53 gene generates a PCR product which runs slightly faster than the PCR product from the null p53 allele. (b) Hypersensitivity to radiation induced thymocyte cell death is p53 dependent in p21 transgenic mice. The ability of 500 rads of ionizing radiation to induce thymocyte cell death was compared in p21 transgenic mice, p53 null mice, p53 null mice expressing the p21 transgene and age matched littermate controls. The cell viability of thymocytes was determined using trypan blue exclusion at 24 h after irradiation and the data are shown as mean+standard deviation of triplicate samples. Identical results were obtained in ®ve separate experiments Figure 3 Bcl2 transgene overrides the ability of the p21 transgene to confer hypersensitivity to g-irradiation induced thymocyte cell death. (a) p21 transgenic mice were bred with Bcl2 transgenic mice to generate p21+Bcl2+ double transgenic mice. The genotypes of the mouse strains used are shown. Bcl2 transgene was genotyped by PCR (Katsumata et al., 1992) using primers TTAGAGAGTTGCTTTACGTGGCCTG and ACCTGAGGAGACGGTGACC. (b) The ability of the p21 transgene to confer hypersensitivity to g-irradiation induced thymocyte cell death is inhibited by Bc12. The data is shown as mean+standard deviation of triplicate samples. The viability was determined over a 2 day period. Similar results were obtained in three separate experiments with two independent founder lines
